(1) This study used neural stem cell-conditioned medium, using the telencephalon of fetal rats of embryonic day 14, to induce neural differentiation from Wharton's jelly mesenchymal stem cells. As the neural stem cells were in the development phase there were no glial cells present in the cultures, thus benefiting the induction of Wharton's jelly mesenchymal stem cells. 
INTRODUCTION
Damage or loss of photoreceptor cells is one of main culprits of visual impairment in many retinal degenerative diseases. Pharmacological treatment and surgical intervention are traditionally used to treat these retinal diseases, but they are not curative [1] [2] . With the development of stem cell technology, stem cell-based therapies for retinal degenerative diseases have been recently proposed [3] [4] . Stem cell-based therapies represent a newly emerging therapeutic approach by which vascular and neuronal degenerative diseases may be treated. Since most of the diseases that lead to visual loss are a result of abnormal vasculature and/or neuronal degeneration, the use of stem cells to stabilize or prevent visual loss may hold great promise. However, this new therapeutic strategy faces many difficulties, and the optimal stem cell source remains to be identified. For example, embryonic stem cells suffer from a series of constraints, including ethical concerns, limited availability, potential for teratoma formation upon transplantation, and immune rejection [5] , while adult stem cells, such as mesenchymal stem cells (MSCs) derived from bone marrow, suffer from age-associated decreases in number, proliferative capacity, and differentiating potential [6] [7] . Hence, an alternative source of stem cells for cell replacement therapy is urgently needed. Wharton's jelly MSCs derived from the umbilical cord have been proposed as a promising source for cell replacement therapy.
Wharton's jelly of the umbilical cord is an embryonic mucous connective tissue lying between the amniotic epithelium and the umbilical vessels, which was first described by Thomas Wharton in 1656 [8] [9] . Meyer et al [10] studied the network of glycoprotein microfibrils and collagen fibrils in Wharton's jelly three and a half centuries later. Wharton's jelly is composed of myofibroblast-like stromal cells, collagen fibers and proteoglycans. The interlaced collagen fibers and small, woven bundles are arranged to form a continuous soft skeleton that encases the umbilical vessels [11] . Wharton's jelly itself has very little collagen, another indicator of the primitive state of this tissue. In Wharton's jelly, the most abundant glycosaminoglycan is hyaluronic acid [12] , which forms a hydrated gel around the fibroblasts and collagen fibrils and maintains the tissue architecture of the umbilical cord by protecting it from pressure [13] . In 1994, only two publications reported on umbilical cord and MSCs (including blood derived), whereas in 2009 that number increased to 349 publications [14] .
Prior to the 21 st century, umbilical cord research mainly focused on the structure and the composition of the extracellular matrix and stromal cells [15] .
In recent years, in parallel to the enormous effort to explore novel and alternative sources of stem cells, Wharton's jelly MSCs have emerged as a promising candidate reservoir of fetal cells that could be readily used as multi-potential stem cells [16] . Wharton's jelly MSCs have faster proliferation and greater ex vivo expansion capabilities than bone marrow-derived MSCs [17] . This may be due to the expression of telomerase by Wharton's jelly MSCs [17] . Karahuseyinoglu et al [18] were able to expand Wharton's jelly MSCs more than 300-fold over seven passages. Other groups [19] have expanded Wharton's jelly MSCs to more than 1 015 times the original number of cells. In contrast to MSCs derived from bone marrow, Wharton's jelly MSCs also have a significantly higher frequency of colony-forming units [20] . Wharton's jelly MSCs can be harvested by non-invasive means, and maintained in vitro as undifferentiated cells for more than 10 passages [16] . In addition, freezethawed and freshly isolated Wharton's jelly MSCs present similar cell viabilities and protein expressions [17] . As multi-potential stromal cells, Wharton's jelly MSCs adhere to plastic surfaces and express MSC surface markers, such as CD105 [18, [21] [22] [23] , CD44 [18-19, 21, 23-24] , CD90 [19, [21] [22] [23] [24] [25] and CD73 [18-19, 21, 26] . They do not express hematopoietic stem cell markers, such as CD45 [18] [19] [21] [22] [23] [24] [25] [26] , CD34 [18] [19] [21] [22] [23] [24] [25] [26] , CD14 [18] [19] , and human leukocyte antigen-DR [19, 21, 23, 27] , which are also absent in MSCs derived from bone marrow [28] . Wharton's jelly MSCs were also express low levels of some transcriptional factors that are mainly expressed in embryonic stem cells, such as Oct-4 and Nanog, both at the mRNA and protein levels, and were found to express a low amount of Wnt-signaling pathway molecules [29] . More importantly, graft-versus-host disease markers, such as CD80, CD86 and CD40, are not detectable or weakly expressed in Wharton's jelly MSCs [30] , indicating that transplantation should be possible without immunosuppression. Like neural stem cells (NSCs) and MSCs, Wharton's jelly MSCs appear to migrate to areas of tumor growth [31] [32] [33] . Additionally, human Wharton's jelly MSCs do not appear to form teratomas when transplanted [34] , unlike embryonic stem cells, which sometimes form tumors after transplantation [35] [36] , Thus, it has been postulated that Wharton's jelly MSCs could be used for cell transplantation therapies and represent a more eligible source of MSCs [37] . It has been increasingly recognized that Wharton's jelly MSCs may differentiate into several cell lineages from all three germ layers, including chondrocytes [20, 38] , osteoblasts [20, [38] [39] , adipocytes [38] [39] [40] , cardiomyocytes [20, 38] , adenocytes [41] , hepatocytes [42] , gliocytes [17] , and neurocytes [20, [43] [44] [45] . However, the capacity of Wharton's jelly MSCs to differentiate into retinal progenitor cells remains undetermined.
In the present study, we investigated the capacity of Wharton's jelly MSCs to differentiate into retinal progenitor cells in vitro using NSC-conditioned medium supplemented with Dkk-1 and LeftyA, and verified positive expression of Pax6, Rx and nestin following induction by reverse transcription (RT)-PCR and immunofluorescence. These results provide a basis for the potential use of Wharton's jelly MSCs as a source in stem cell-based therapy for retinal degeneration diseases.
RESULTS

Morphology and phenotype of cells cultured in vitro
Human Wharton's jelly MSCs: Over the first 5-6 days of culture, the freshly isolated Wharton's jelly MSCs (passage 0) from human umbilical cord principally displayed two distinct morphological features, containing filopodia or a long slender extended cytoplasm ( Figure 1A ). During week 2, they typically appeared as slender cells with a narrow cytoplasm and few lamellipodia. When cells reached 80% confluency after 9-10 days of primary culture, they were found to have principally formed bipolar spindle-like shapes with parallel or whirlpool-like arrangements ( Figure 1B ).
Telencephalic NSCs from embryonic rats: Freshlyisolated embryonic day 14 (E14)-NSCs, which were used to produce NSC-conditioned medium, displayed a monolayer of monopole tadpole-like cells on day 2 after seeding ( Figure 2A ), and labeled positively for the NSC markers, vimentin and nestin by immunofluorescence ( Figure 2B , C). Quantitative analysis revealed that these markers were highly expressed in the NSC cultures after 48 hours ( Figure 2D ).
Morphological changes in Wharton's jelly MSCs after induction
Neuronal differentiation of Wharton's jelly MSCs was induced by a multistep protocol [44] . Before the induction period, passage 3 Wharton's jelly MSCs displayed a fibroblast-like or slender morphology ( Figure 3A ). After initiation of induction with NSC-conditioned medium, a small portion of cells became thinner, and the majority had another elongation of several cytoplasmic extensions during days 3-10 ( Figure 3B ). Cells treated with NSC-conditioned medium supplemented with 100 ng/mL human recombinant Dkk-1 and LeftyA had longer and thinner extensions and showed evident polygonal morphology between days 11-28 ( Figure 3C ). Beyond day 29, some cells changed into bulbous shapes with the thin extensions touching each other, and one or two longer extensions emanated from the cell body up to day 37, which was perhaps indicative of the delicate structural organization of axons ( Figure 3D ).
Expression of retinal progenitor cell markers Pax6 and Rx in induced Wharton's jelly MSCs
To further confirm the induction effect of NSC-conditioned medium and NSC-conditioned medium supplemented with human recombinant Dkk-1 and LeftyA on Wharton's jelly MSCs, we detected the expression of the retinal progenitor markers, Pax6 and Rx, by immunofluorescence and RT-PCR in Wharton's jelly MSCs after 37 days of induction. Figure  4C ). Nestin, one of the markers for NSCs, was strongly expressed in the cytoplasm of the control cells ( Figure  4D1 ), but weakly expressed in the induced cells ( Figure  4D2 ).
RT-PCR analysis revealed positive expression of human Pax6, Rx and nestin genes after induction, while Pax6 and Rx genes were not detected in the control cells ( Figure 4E, F) . Quantitative analysis relative to GAPDH revealed that the gene expression ratios of the neural retinal progenitor cell markers, Pax6 and Rx, were highly expressed in the induced cells (P < 0.01; Figure 4F ), and the expression ratio of nestin was weakly down-regulated (P < 0.05; Figure 4F ) compared with control cells. 
DISCUSSION
In the present study, we provide evidence that Wharton's jelly MSCs can be induced by NSC-conditioned medium to differentiate into retinal progenitor cells in vitro, which was verified by a positive expression of Pax6 and Rx in the induced cells. The differentiating capacity of Wharton's jelly MSCs into retinal progenitor cells in vitro indicates a potential use of these cells as a source for stem cell-based therapies to treat retinal degenerative diseases.
The ideal donor cells for the treatment of neurological diseases should be easily available, capable of rapid expansion in culture, immunologically compatible, capable of long-term survival and integration in the host tissue, and amenable to stable transfection and long-term expression of exogenous genes [46] . It has been reported that Wharton's jelly MSCs may differentiate along several cell lineages from all three germ layers [20, [41] [42] [43] [44] . Additionally, Wharton's jelly MSCs do not appear to form teratomas after transplantation [47] . In vivo transplantation of these cells has been demonstrated to prevent progressive deterioration with brain injury. Apart from the differentiation capacities into classical mesenchymal lineages, the differentiation potency of Wharton's jelly MSCs into neural lineage cells has attracted extensive attention. In the present study, Wharton's jelly MSCs could be harvested by non-invasive means, easily expanded in vitro, and harbor the potential to differentiate into neuronal line- The degeneration of neurons and photoreceptors in the retina that occurs in a number of disorders is a common cause of blindness, for which there are few therapies currently available. With the increasing number of reports on the successful in vitro induction of neural differentiation of Wharton's jelly MSCs, it has been increasingly recognized that these cells could possibly be used in new approaches to repair the retina in a wide variety of retinal degenerative disorders. Fu et al [48] transdifferentiated Wharton's jelly
MSCs into neurons in vitro using neuronal-conditioned medium derived from the culture supernatants of day 7 postnatal Sprague-Dawley rat brains. A three-step method (neural induction, neural commitment, and neural differentiation) could also successfully induce in vitro neural differentiation of Wharton's jelly MSCs [49] . The process of in vitro differentiation into a somatic cell type always simulates its development in vivo, as does retinal differentiation. In this study, based on the fact that neurogenesis occurs at the stages from E12 to E18 in the developing central nervous system of the rats [50] [51] , we used NSC-conditioned medium derived from the culture supernatants of E14 Sprague-Dawley rat brains to treat Wharton's jelly MSCs for the first step of the procedure, and then transdifferentiated these cells into retinal progenitor cells in vitro using NSC-conditioned medium supplemented with nodal signaling inhibitors, Dkk-1 and LeftyA, which inhibit Wnt signaling.
It has been reported that some anterior neural tissues could be produced by the induction of Wnt singnalling or antagonism of bone morphogenic protein in human embryonic stem cells [52] [53] . Thus, the combination of NSC-conditioned medium with Dkk-1 and LeftyA is likely to promote the induction of various regions of the anterior central nervous system, including the retina. Although the specific molecular signals required for eye field specification are not completely defined in any model system, there are several protocols reported for the differentiation of retinal progenitor cells using supplementation with Dkk-1 and LeftyA. For example, Ikeda et al [54] reported that mouse embryonic stem cells could be directed to a Pax6 + /Rx + retinal progenitor identity at reasonable efficiency (26%) using a combination of Dkk-1 and LeftyA. Osakada et al [55] successfully established a defined culture method that induces mouse and human embryonic stem cells to develop into both photoreceptors and retinal pigment epithelium cells. Hirami et al [56] also succeeded in producing induced pluripotent stem cells of mouse and human origin using a similar strategy.
Therefore, we treated Wharton's jelly MSCs with a combination of Dkk-1 and LeftyA for 4 weeks, and directed these cell into a retinal progenitor identity. It is possible that this result further strengthens the belief that information obtained from developmental model systems can be applied to the design of conditions to direct Wharton's jelly MSCs to specific fates.
Nestin, an intermediate filament protein expressed in mitotically active areas of the developing and adult central nervous system, is not a specific marker for NSCs, as it is expressed by differentiated astrocytes and neuronal progenitors and is also up-regulated in glial cells after central nervous system injury [57] . However, in the embryo, unlike most of the neural progenitors in the central nervous system, Rx + neural retinal precursors do not express nestin [58] . Similarly, Ikeda et al [54] found that most Rx + neural retinal precursors from embryonic stem cells were negative for nestin. Studies have shown that Wharton's jelly MSCs express nestin as a mesenchymal marker [44] [45] , and we found strong expression in control group cells, but weak expression in the induced cells. A possible reason for the discrepancies among these findings relates to differences in the cell types that were used, although the tendencies are similar.
In summary, Wharton's jelly MSCs could be induced into retinal progenitors and the induced cells are similar to retinal progenitors derived from human fetal stages, suggesting that Wharton's jelly MSCs are a promising source of stem cells for the production of retinal progenitors for retinal replacement cell therapies. However, further studies are required to develop a high-throughput method for quality control. Additionally, the current differentiation procedures are not sophisticated enough to guarantee efficiency and safety. For example, photoreceptor cells differentiated from stem cells are not high-performance in obtaining high cell numbers. Although Reh [59] efficiently generated retinal progenitor cells and photoreceptor precursors, the final photoreceptor cells seemed very scare [60] . The method of Osakada's group [55] produced a higher percentage of rod photoreceptors, but in vitro induction requires more than 4 months for developing; thus, it would be beneficial to establish a new system to generate photoreceptor cells with higher efficiency in a shorter time.
MATERIALS AND METHODS
Design
A non-randomized in vitro concurrent controlled study.
Time and setting
The experiment was performed at the Research Center for Translational Medicine, Shanghai East Hospital Affiliated to Tongji University, China from June 2011 to July 2012. [61] .
Materials
Human umbilical cords
Human umbilical cords were collected from healthy full-term infants delivered by caesarean section in Shanghai East Hospital Affiliated to Tongji University, China.
Methods
Isolation and culture of Wharton's jelly MSCs from human umbilical cord
Human umbilical cords were collected from full-term infants delivered by caesarean section. After disinfection in 75% ethanol for 30 seconds, the umbilical cords were stored at 4°C in sterile 0.9% saline or Hanks' balanced salt solution for transportation to the laboratory. For processing, the cord was rinsed in sterile PBS supplemented with 4 μg/mL amphotericin B, 20 μg/mL gentamicin, 100 U/mL penicillin, and 100 μg/mL streptomycin and placed in a sterile petri dish. Following removal of umbilical cord arteries and veins in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) by blunt dissection, the remaining umbilical cord tissue, including the Wharton's jelly component, was diced into cubes of about 0.5 cm 3 . The cubed explants were transferred to culture dishes containing medium composed of DMEM-Ham's F-12 (1:1 v/v; Gibco) supplemented with 10% fetal bovine serum (Gibco) and 2 mmol/L L-glutamine (Gibco). The culture dishes were placed in an incubator with saturated humidity, at 37°C and atmosphere of 5% (v/v) CO 2 . After 4 or 5 days of undisturbed growth, the tissue explants were removed from the dishes to allow for migration of cells from the explants. Medium was changed every 48 hours. When the cells reached 80-90% confluency, they were detached by incubating with 0.1% trypsin + 1.0 mmol/L ethylenediamine tetraacetic acid in PBS (trypsin/ethylenediamine tetraacetic acid; Invitrogen, Carlsbad, CA, USA) for 3 minutes. Cells that had detached in this time were transferred to new flasks at a ratio of 1:3 for subculturing (designated as passage 1). The MSCs were then used directly for cultures or stored in liquid nitrogen for use at a later time.
Preparation of NSC-conditioned medium NSC-conditioned medium was used here as a microenvironment for Wharton's jelly MSC culture. SpragueDawley rats of gestation day 14 were sacrificed by overdose injection of ketamine/xylazin anesthetics. Fetuses at E14 were removed and placed in PBS. Telencephali were removed and transferred into sterile Hanks' balanced salt solution, and the meninges surrounding the brains were removed under dissecting microscope (SMZ-800; Nikon, Tokyo, Japan). The desired tissues were cut into small pieces, and enzymatically dissociated using collagenase type Ι (Sigma, St. Louis, MO, USA). After dilution in PBS, the cell suspensions were centrifuged at 500 × g for 5 minutes. The centrifuged cells were then quickly resuspended in fresh culture medium composed of 33% Neurobasal medium (Gibco), 66% DMEM/F-12, 1% B27 (Gibco), 20 μg/L fibroblast growth factor (Peprotech, Rocky Hill, NJ, USA), and 2 mmol/L L-glutamine, and plated onto dishes (2 × 10 5 cells/cm 2 ) pre-coated with poly-L-lysine (Sigma). Half of the medium was changed each day of incubation, and the removed NSC-conditioned medium was filtered for use in the subsequent induction procedure. After 48 hours of culture, the cells were harvested and seeded onto coverslips precoated with poly-L-lysine for immunocytochemical analysis.
Immunocytochemical staining for the phenotype of NSCs
The telencephalic cells were fixed by incubating with 4% paraformaldehyde at room temperature for 5 minutes and then washed three times with 0.01 mol/L PBS. The cells were permeabilized by incubating with 0.1% Triton X-100 for 10 minutes and washed with PBS. Cells were then treated with a solution composed of 5% bovine serum albumin and 5% normal goat serum for 30 minutes and incubated overnight at 4°C with primary antibodies for mouse anti-rat nestin and vimentin (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Excess primary antibody was removed by washing with PBS five times, and the cells were then incubated with secondary antibodies for fluorescein-conjugated goat anti-mouse IgG and rhodamine-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology) at 37°C for 1 hour. After washing with PBS, 4',6-diamidoino-2-phenylindole stain was applied for nuclei visualization. The cells were finally overlaid with glycerol and visualized, photographed by laser scanning microscopy (Nikon). Human Nestin [62] Sense: 5′-GCT CCT CTC TCT CTG CTC CA-3′ Antisense: 5′-CAC CGG ATT CTC CAT CCT TA-3′
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385
Human Pax6 [63] Sense: 5′-AGA TGA GGC TCA AAT GCG AC-3′ Antisense: 5′-GTT GGT AGA CAC TGG TGC TG-3′
302
Human Rx [64] Sense: 5′-GGC AAG GTC AAC CTA CCA GA-3′ Antisense: 5′-CTT CAT GGA GGA CAC TTC CAG-3′
255
Human [63] GAPDH Sense: 5′-CCA CCC ATG GCA AAT TCC ATG GCA-3′ Antisense: 5′-TCT AGA CGG CAG GTC AGG TCC ACC-3′
598
All primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd. For each sample, 5 μg of total RNA was reverse transcribed to synthesize the first-strand cDNA at 65°C for 10 minutes in a 33 μL reaction volume. PCR amplification was performed using a step program of 1 minute at 95°C; 40 cycles of 1 minute at 50°C, followed by 1 minute at 72°C; and a 15-minute final extension at 72°C. The PCR products were fractionated by electrophoresis on 1.5% agarose gels and viewed by ethidium bromide staining. Gel Imaging Analytic System (GIS-ZF-258; Tanon, Shanghai, China) was used for quantification, and the absorbance ratio of target gene to GAPDH was calculated.
Statistical analysis
Statistical analyses were performed using SPSS software (version 12.0; SPSS, Chicago, IL, USA), and all data were presented as mean ± SD. Intergroup comparisons were performed by t-test analysis. P < 0.05 was considered statistically significant.
